The olfactory system, similar to other sensory systems, uses the position of cells in a topographic map to organize and analyze sensory information. Odors detected by olfactory sensory neurons are first relayed to the olfactory bulb glomeruli where the olfactory sensory neuron axons form synapses with the dendrites of projection neurons, the mitral and tufted cells. Because each olfactory sensory neuron expresses only 1 of around 1,200 odorant receptors and olfactory sensory neurons that express the same odorant receptor converge into only 2 or 3 glomeruli in each olfactory bulb 1-3 , the spatial arrangement of glomeruli on the surface of the olfactory bulb establishes an 'odorant receptor map' 4 . Olfactory sensory neurons that express different odorant receptors can also differ in their expression of combinations of molecules that regulate fasciculation, convergence and targeting of axons [5] [6] [7] [8] [9] . Thus, although the afferent innervation of an individual glomerulus is molecularly homogeneous, as a population, glomeruli are highly heterogeneous. Therefore, the odorant receptor map can be divided into several distinct zones or domains on the basis of the molecular phenotypes of olfactory sensory neuron axons 8, 10, 11 . Finally, glomeruli that are activated by odorants with similar molecular features are positioned close together and define clusters in the map [12] [13] [14] .
a r t I C l e S
The olfactory system, similar to other sensory systems, uses the position of cells in a topographic map to organize and analyze sensory information. Odors detected by olfactory sensory neurons are first relayed to the olfactory bulb glomeruli where the olfactory sensory neuron axons form synapses with the dendrites of projection neurons, the mitral and tufted cells. Because each olfactory sensory neuron expresses only 1 of around 1,200 odorant receptors and olfactory sensory neurons that express the same odorant receptor converge into only 2 or 3 glomeruli in each olfactory bulb [1] [2] [3] , the spatial arrangement of glomeruli on the surface of the olfactory bulb establishes an 'odorant receptor map' 4 . Olfactory sensory neurons that express different odorant receptors can also differ in their expression of combinations of molecules that regulate fasciculation, convergence and targeting of axons [5] [6] [7] [8] [9] . Thus, although the afferent innervation of an individual glomerulus is molecularly homogeneous, as a population, glomeruli are highly heterogeneous. Therefore, the odorant receptor map can be divided into several distinct zones or domains on the basis of the molecular phenotypes of olfactory sensory neuron axons 8, 10, 11 . Finally, glomeruli that are activated by odorants with similar molecular features are positioned close together and define clusters in the map [12] [13] [14] .
Mice in which the olfactory sensory neurons that project to dorsal glomeruli are ablated retain the ability to detect odors but lack fear responses to predator odors 10 . This suggests that olfactory bulb glomeruli in different regions of the odorant receptor map have distinct roles in odor information processing, and this concept is supported by the preservation of odorant receptor maps between the right and left olfactory bulbs in both mice and rats 15, 16 . Despite the functional importance of the odorant receptor map, the rules that are used to decode the map by the olfactory bulb projection neurons and olfactory cortices are unknown. It is unlikely that the odorant receptor map is projected directly onto the olfactory cortex; individual odors are sparsely represented in broad regions of piriform cortex, without evidence of clusters 17, 18 . The olfactory systems of Drosophila 19 and zebrafish 20 show similar representations. Finding the rules that link the maps of odorant receptors in olfactory bulb and in the olfactory cortex is crucial for understanding the anatomical and physiological basis of odor processing in mammals. Previous studies suggested that olfactory cortices receive axons from subpopulations of mitral cells that are non-uniformly distributed throughout the mitral cell layer (MCL); for example, the olfactory tubercle preferentially receives input from mitral cells in the ventral olfactory bulb 21, 22 . However, the relationship between the distribution of mitral cells that send axons to the olfactory tubercle and the odorant receptor map remains unclear.
We found that mitral cells that have different birthdates are differentially distributed in the dorsomedial and ventrolateral regions of the olfactory bulb, which, as defined by olfactory cell adhesion molecule (OCAM) expression, are correlated with the dorsal and ventral zones of the odorant receptor map. This finding is reminiscent of the birthdate-dependent dendritic targeting of glomeruli by projection neurons in Drosophila 23 as well as the presence of areal and laminar neurogenetic gradients among cytoarchitectonic areas in the mammalian neocortex, including those of humans and nonhuman primates 24, 25 . We also present evidence that the late-generated mitral cells might migrate tangentially toward postero-ventro-lateral regions in the olfactory bulb, guided by an axonal scaffold. Finally, we show that the olfactory tubercle is preferentially innervated by late-generated mitral cells. These data indicate that the birthdates of mitral cells might determine their location in the MCL and indirectly shape the innervation patterns of olfactory cortices.
RESULTS

Mitral cell location and birthdate
To determine mitral cell birthdates we used one of three thymidine analogs (XdU): BrdU, CldU or IdU, which label cells in the S-phase a r t I C l e S of the cell cycle. The presence of a copulation plug defined embryonic day (E)0; we injected XdU at E9, 10, 11, 12 or 13. We killed pups at postnatal day (P)20 and immunohistochemically analyzed the XdUlabeling of mitral cells with antibodies to XdU and Tbx21 (Fig. 1a-g ). Around 1, 18, 28, 12 and 6% of mitral cells were labeled when XdU was injected at E9, 10, 11, 12 and 13, respectively (Fig. 1a) . We also found XdU+ cells, some of which were also Tbx21+, in the external plexiform layer and glomerular layer. These cells were probably tufted cells (Tbx21+) and periglomerular cells (Tbx21−), which are generated shortly after mitral cells with some temporal overlap 26, 27 . In addition, we found XdU+ Tbx21− cells in the MCL, especially when we injected XdU at later time points (Fig. 1g) . These cells are probably a subtype of granule cell that is located in the MCL and generated as early as E12. 5 (refs. 27,28) .
The majority of E10-generated mitral cells were located in the dorsomedial MCL with fewer in the lateral MCL (Fig. 1b-d ). By contrast, E12-generated mitral cells localized to the ventrolateral region ( Fig. 1e-g ). This recalled the dorsal and ventral zone subdivision of the odorant receptor map defined by OCAM expression 29 . Therefore, we subdivided the entire MCL in a coronal slice into dorsomedial (D-MCL) and ventrolateral (V-MCL) regions on the basis of glomerular OCAM expression (Fig. 1h) . To quantify the distribution of XdUlabeled mitral cells, we calculated the percentages in each subdivision using five coronal slices taken every 400 µm from the anterior to the posterior olfactory bulb ( Fig. 1i and Supplementary Fig. 1a ). When we compared the results from the same olfactory bulb, we found that the percentage of E10-generated mitral cells was always higher in D-MCL than V-MCL (P = 0.002), whereas there were more E12-generated mitral cells in V-MCL (P = 0.002; Fig. 1j ). MCL maps superimposed with E10-and E12-generated mitral cells revealed the higher density of E10-generated mitral cells in D-MCL than V-MCL, whereas E12-generated mitral cells were denser in V-MCL ( Supplementary  Fig. 1b) . The distributions of E9-generated and E13-generated mitral cells were similar to those of E10-generated and E12-generated mitral cells, respectively. There was no significant difference between the D-MCL and V-MCL distributions of E11-generated mitral cells (P = 0.563; Fig. 1j ). These results show that early-and late-generated mitral cells are differentially distributed in the D-MCL and V-MCL.
We also confirmed that the differential distribution of E10-, E11-and E12-generated mitral cells in the P20 olfactory bulb was already present at P0 (Supplementary Fig. 2 ). We found higher percentages of E10-generated mitral cells were found in D-MCL than V-MCL at P0 (P = 0.008), whereas there were more E12-generated mitral cells in V-MCL than D-MCL (P = 0.008). We found no significant difference in the distribution of E11-generated mitral cells (P = 0.156).
Integration of mitral cells into developing olfactory bulb A possible mechanism for establishing the distinct birthdatedependent distribution of mitral cells in the MCL is overproduction and subsequent cell death in specific regions. To test this hypothesis, we first investigated whether mitral cells die during embryogenesis. We investigated mitral cell death in E11-generated cells because XdU injections at E11 produced the largest number of labeled mitral cells (Fig. 1a) . Under these conditions, optimized for detecting mitral cell death by double labeling for cleaved-caspase3 and BrdU, we found no evidence of cell death among E11-generated cells, including mitral cells (Supplementary Fig. 3 ). Moreover, we found at most only a few cleaved-caspase3 positive cells, with or without BrdU labeling, in olfactory bulb slices at any of the ages examined: E11, E12, E13, E14, E15 and E17. We obtained the same results when we measured cell death using a TUNEL assay (Supplementary Fig. 4 ). These results suggest that mitral cells do not die during embryogenesis. Therefore, regardless of their time of origin, cell death is not a determinant of the final localization of mitral cells in the MCL.
An alternative hypothesis is that early-and late-generated mitral cells are fated to integrate specifically into the dorsomedial and ventrolateral portions of the olfactory bulb, respectively. Therefore, we examined the distribution of E10-, E11-and E12-generated mitral cells at E15 (Fig. 2) . We used Tbr1 to identify mitral cells because not all express Tbx21 at E15. Most E10-generated mitral cells reached the nascent MCL by E15 (Fig. 2a,b) . To quantify their distribution, we divided the olfactory bulb radially into twelve compartments and calculated the percentages of XdU+ and Tbr1+ cells in each compartment (Fig. 2d) . E10-generated mitral cells were distributed evenly throughout the olfactory bulb, rather than preferentially in the dorsomedial portion (Fig. 2e) . By contrast, we found more E12-generated Thymidine analogs were applied at indicated time points. Each data point represents a single olfactory bulb, and data obtained from the same olfactory bulb are connected with lines. There were significant differences in distribution between D-and V-MCLs for mitral cells generated at E10 (**P = 0.002; n = 10 olfactory bulbs), E12 (**P = 0.002; n = 10) and E13 (*P = 0.031; n = 6) but not at E9 (P = 0.125; n = 6) or E11 (P = 0.563; n = 6; Wilcoxon signed rank test). Error bars, s.e.m. Scale bars, 200 µm (b,e,h,i) and 50 µm (c,d,f,g).
a r t I C l e S mitral cells in the ventrolateral portion, although most were in the intermediate zone between the nascent MCL and ventricular zone ( Fig. 2a,c,g ). E11-generated mitral cells showed a distribution pattern that was intermediate between those of E10-and E12-generated cells (Fig. 2f) . A Rayleigh test revealed that E10-generated mitral cells were uniformly distributed in the olfactory bulb at E15 (P = 0.258). However, the distributions of E11-and E12-generated mitral cells were nonuniform (P < 0.001 for both E11 and E12-generated mitral cells). The distribution peaks of both E11-and E12-generated mitral cells were within the ventrolateral portion of the olfactory bulb. These results suggest that late-generated mitral cells preferentially integrate into the ventrolateral portion of the olfactory bulb, whereas early-generated mitral cells do not show a preferential topographic integration. Therefore, the sparse density of E10-generated mitral cells in V-MCL can be attributed to the integration of larger numbers of E11-and E12-generated mitral cells. Likewise, the equal distribution of E11-generated mitral cells in D-MCL and V-MCL found in P20 and P0 olfactory bulbs might reflect the integration of larger numbers of E12-generated mitral cells into V-MCL during continuing embryogenesis.
Tangential migration of mitral cells
What is the underlying mechanism for the specific targeting of lategenerated mitral cells to the V-MCL of olfactory bulb? Because mitral cell precursors are first generated in the ventricular zone of the presumptive olfactory bulb 30 , we examined whether more mitral cells were generated in the ventrolateral ventricular zone. To test this, we labeled E12-generated cells with BrdU and examined their distributions at E13 and E14. At E13 we found most BrdU+ cells in the ventricular zone (Fig. 3a) ; the nuclei of these cells were radially elongated and parallel to the processes of radial glia (RC2+; Fig. 3b ), suggesting that they were migrating radially from the ventricular zone toward the intermediate zone. However, we did not find a preferential distribution in the ventrolateral portion. We quantified the distribution as described above, but included all BrdU+ cells in the olfactory bulb because it was too early to use Tbr1 expression to identify E12-generated mitral cells. Despite the nonuniform distribution of E12-generated cells in E13 olfactory bulb (P < 0.001), the distribution peak of these cells was in the dorsolateral portion ( Fig. 3c) . At E14, we found many BrdU+ cells with tangentially elongated nuclei in the intermediate zone ( Fig. 3d,e) . The distribution peak of E12-generated cells in the olfactory bulb also shifted from dorsolateral to lateral (Fig. 3f) . Moreover, when we analyzed the distributions of E12-generated cells separately in the anterior and posterior regions of olfactory bulbs at E13 and E14, the percentage of cells in the ventrolateral portion was higher in the posterior than anterior part ( Supplementary Fig. 5 ).
From these observations, we propose that E12-generated cells migrate tangentially in the intermediate zone toward the postero-ventrolateral region of the olfactory bulb. It was noted previously from Golgistained and DiI-labeled tissues that mitral cells in the intermediate zone have a tangential-like morphology 30 , but their organization and the underlying reason for the change from radial to tangential were unknown. We suggest that tangentially elongated cells in the intermediate zone are migrating late-generated mitral cells.
To confirm that E12-generated mitral cells have a migratory phenotype, we used DCX-GFP mice in which GFP is expressed under the promoter of doublecortin (DCX), a microtubule-associated protein that is expressed in migrating neurons. We labeled E12-generated cells with BrdU in DCX-GFP mice and then examined GFP expression by Tbr1+ or BrdU+ cells in the olfactory bulb at E14. At this age, there were GFP+ cells at the surface of the olfactory bulb including the intermediate zone and MCL; cells in the ventricular zone were weakly GFP+ (Fig. 3g) . Most GFP+ cells in the intermediate zone had a tangentially elongated morphology, and both Tbr1+ and BrdU+ cells in this region were GFP+ (Fig. 3h) . We also found many GFP+ BrdU+ Tbr1+ cells (Fig. 3h, asterisks) although not all BrdU+ cells were Tbr1+, and vice versa.
We performed time-lapse imaging to acquire direct evidence for tangential migration in the developing olfactory bulb. We prepared acute slices from the olfactory bulbs of E14 DCX-GFP embryos and imaged GFP+ cells in the intermediate zones every 10 min. We saw many cells migrating tangentially in the intermediate zone. Although migration was not unidirectional, there were cells migrating toward the posterior portion of the olfactory bulb ( Fig. 3i and Supplementary Video 1) . After the migration assay, we used Tbr1+ immunohistochemistry to confirm that some tangentially migrating cells were mitral cells (Fig. 3j) . Consistent with our hypothesis, we also found examples of GFP+ cells that migrated radially (Supplementary Video 2) and GFP+ cells that changed orientation from radial to tangential in the E15 olfactory bulb (Supplementary Video 3) . These results support our hypothesis that late-generated mitral cells migrate tangentially in the intermediate zone of the developing olfactory bulb.
Axons form a migratory scaffold for mitral cells Radial glial processes support the radial migration of mitral cells in the ventricular zone (Fig. 3b) . However, it is not known what structure, if any, supports tangential migration. Radial glia also have short There is a nonuniform distribution around the circle for E11-(P < 0.001) and E12-generated mitral cells (P < 0.001) but not for E10-generated mitral cells (P = 0.258; Rayleigh test). The population mean angle is shown with a red bar in the graph only when there is a nonuniform distribution. Both E11-(P < 0.001) and E12-generated mitral cells (P < 0.001) preferentially distributed around the population mean angles (V-test, a modified Rayleigh test). Scale bars, 100 µm.
a r t I C l e S branches in the intermediate zone of the developing olfactory bulb 31 , but it is unlikely that these processes are used for tangential migration; we did not find any evidence of radial glial processes extending tangentially and contacting E12-generated cells within the intermediate zone of the E14 olfactory bulb (Figs. 3e and 4a,b) . It is possible that these short processes are used for changing migration direction from radial to tangential, but not for sustained tangential migration.
An alternative candidate for mediating tangential migration of lategenerated mitral cells is the scaffold formed by the axons of early-generated mitral cells. OCAM is expressed early in developing mitral cells and their axons 32, 33 . Therefore, to test for apposition of migrating E12-generated cells and mitral cell axons, we injected BrdU at E12 and stained for OCAM at E14 (Fig. 4c-f) . We found mitral cell axons running toward the lateral and posterior intermediate zone in both coronal (Fig. 4c) , 50 µm (a,c,e), 20 µm (b,d,f,g ), 1 µm (h,i) and 500 nm (j). Figure 2d . We found a nonuniform distribution of E12-generated cells at both E13 (P < 0.001; n = 6 olfactory bulbs) and E14 (P < 0.001; n = 6; Rayleigh test). The population mean angle (red bar) is in the dorsolateral region at E13 but in the lateral region at E14. At both E13 (P < 0.001) and E14 (P < 0.001), E12-generated cells were preferentially distributed around the population mean angles (V-test). (g,h) Horizontal section of E14 DCX-GFP mouse olfactory bulb immunostained with BrdU (red) and Tbr1 (blue). BrdU labels E12-generated cells. (Fig. 4e) . The tangentially elongated E12-generated cells were positioned in parallel with, and closely apposed to, the OCAM+ axons (Fig. 4d,f) . As a further test, we labeled the axons with DiI injections into the lateral olfactory tract and labeled the nuclei of mitral cells with Tbr1 staining at E15. Consistently, the tangentially elongated mitral cells (Tbr1+) were closely aligned with DiI+ axons of earlier-generated mitral cells (Fig. 4g) . We then used immunoelectron microscopy to determine whether the Tbr1+ cells were in direct contact with axons. At E15 mitral cells, we identified Tbr1+ cells by the electron-dense DAB reaction in their nuclei and their elongated tangential morphology in horizontal sections. These cells were typically surrounded by large numbers of axons (Fig. 4h,i) , many of which formed somato-axonal appositions (Fig. 4j, arrowheads) .
We observed tangentially elongated BrdU+ and Tbr1+ cells in the intermediate zone only at E14 and E15. At these time points, the axons of early-born mitral cells are probably the only fibrous structure in this region 34 , other than the short branches of radial glia. An alternative mechanism for mitral cell migration is the chain migration that is used by olfactory interneurons in the rostral migratory stream. However, we think this is unlikely because we did not observe the dense packing that is typical of this chain migration 35 . Thus, the axons of early-generated mitral cells are the most plausible structure to provide a scaffold to support the tangential migration of late-generated mitral cells toward the postero-ventro-lateral developing olfactory bulb. This adds further support to our initial finding of the differential distribution of early-versus late-generated mitral cells in the olfactory bulb, and is consistent with prior reports that the lateral olfactory tract is first formed by mitral cells in the medial olfactory bulb 36 .
Differential mitral cell projection to olfactory tubercle It has been suggested that the olfactory tubercle receives more axons from mitral cells in the ventral olfactory bulb 21, 22 . We injected DiI into the P5 olfactory tubercle and examined the distribution of labeled mitral cells in the olfactory bulb (Fig. 5a) . Although we found labeled mitral cells throughout the MCL, consistent with the previous studies, we found larger numbers of DiI+ mitral cells in the ventrolateral region (Fig. 5a) . In addition, DiI staining in the external plexiform layer, where the secondary dendrites of mitral cells extend, was more intense in the ventrolateral than in the dorsomedial olfactory bulb (Fig. 5b,c) . For comparison with the odorant receptor map, we subdivided the MCL into D-MCL and V-MCL on the basis of glomerular OCAM expression and quantified the percentages of DiI+ mitral cells (Fig. 5d) . Because DiI volumes and injection sites in the olfactory tubercle varied between animals, the percentages were variable. Nevertheless, the density of mitral cells that projected to the olfactory tubercle was significantly greater in V-MCL than in D-MCL (P = 0.002).
As the distribution of mitral cells that projected to the olfactory tubercle in the MCL was similar to that of E12-generated mitral cells, we investigated whether mitral cells with different birthdates differed in their axonal projections to the olfactory tubercle. We used another thymidine analog, 5-ethynyl-2′-deoxyuridine (EdU), to label mitral cells because EdU detection is compatible with DiI 37 (Fig. 5e) . After injecting EdU at E10, 11 or 12, we placed DiI into the olfactory tubercle at P5 and determined the percentages of DiI and EdU double-labeled mitral cells (Fig. 5f) . A significantly higher percentage of DiI+ mitral cells were co-labeled with EdU injected at E12 compared to E10 (P < 0.001) or E11 (P < 0.05). Thus, the olfactory tubercle receives a heavier axonal projection from late-generated than earlygenerated mitral cells. This indicates that the asymmetrical distribution of mitral cells that innervate the olfactory tubercle depends on their birthdates.
DISCUSSION
In the mammalian neocortex the laminar and areal positions of pyramidal neurons, which ultimately determine their connectivity and function, are directly correlated with the time of their origin 24, 25 . In contrast to the cortical multilayer cellular organization, mitral cells in the olfactory bulb are aligned in single layer, and had not been previously evaluated for segregation into subpopulations based on the timing of their last cell division. Here, we show that mitral cells that have different birthdates are differentially distributed in the MCL and that the late-generated mitral cells extend stronger projections to the olfactory tubercle than the early-generated cells. Our data suggest that, like cerebral cortex 24 , the birthdates of mitral cells in the olfactory system might determine their segregation into spatially and functionally defined subpopulations. Thus, we propose the existence of two topographically defined maps in the olfactory bulb that interface at the glomeruli. Map 1 (odorant receptor map) is the glomerular distribution of olfactory sensory neuron axons according to odorant receptor expression. Map 2 (mitral cell map) represents the birthdate-dependent location of the mitral cells in the olfactory bulb. Considering the zonal segregation of the odorant receptor map 29 and the columnar structure constructed by granule cells in the olfactory bulb 38 , the formation of the mitral cell (e) Detection of mitral cells projecting to the olfactory tubercle generated at specific time points in development. EdU injected at E12 was detected (green) in mitral cells (Tbx21+; blue) after DiI (red) injection into the olfactory tubercle at P5. (f) Percentages of EdU+ cells among mitral cells projecting to the olfactory tubercle (DiI+) were quantified after injecting EdU at E10, E11 or E12. The percentage was higher when EdU was injected at E12 (n = 11 olfactory bulbs) than E10 (n = 9) or E11 (n = 11). *P < 0.05; ***P < 0.001; one-way ANOVA followed by Tukey's multiple comparison test. Scale bars, 100 µm (a), 2 mm (inset in a), 50 µm (b,c) and 20 µm (e).
a r t I C l e S map might provide a fundamental framework by which mitral cells decode the signal from olfactory sensory neurons.
Development of the olfactory bulb
The time-course of development is not uniform throughout the olfactory bulb. For example, glomeruli are reported to appear first in the antero-dorsal region of developing olfactory bulb 39 , although synaptogenesis in the glomerular layer occurs earlier in the ventral region 40 . More recently, it was shown that all cells that express Pcdh21, a mitral cell marker, at E14 were positive for OCAM 41 . Among mitral cells, OCAM is expressed only by those in the dorsomedial region of the olfactory bulb 33 , indicating that mitral cells in the dorsomedial region mature earlier than other mitral cells. Thus, olfactory bulb development might begin dorsomedially and then expand to the ventrolateral olfactory bulb. Our finding that there is a differential distribution of early-and late-generated mitral cells in D-MCL and V-MCL also supports this perspective, although the segregation was not exclusive.
Here we also propose that tangential migration of late-generated mitral cells along a scaffold of axons from early-generated mitral cells is an underlying cellular mechanism for generating a dorsomedial-ventrolateral gradient of mitral cell development (Supplementary Fig. 6 ). Elucidating the molecular mechanisms that regulate the migration and detachment of migrating mitral cells from the axonal scaffold in the posterior olfactory bulb will give us better insight into spatial and temporal differences in olfactory bulb development.
Mitral cell location, projection and birthdates
We found significant differences in the distribution of E10-and E12-generated mitral cells when we subdivided the MCL into dorsomedial and ventrolateral regions on the basis of glomerular OCAM expression. Because olfactory sensory neurons that target the dorsal and ventral zones make synapses primarily with mitral cells in the D-MCL and V-MCL, respectively, odor information from dorsal zone olfactory sensory neurons is processed largely by early-generated mitral cells and that from ventral zone olfactory sensory neurons is processed largely by late-generated mitral cells. The segregation of early-and late-generated mitral cells into D-MCL and V-MCL is not an all-or-none event. In both domains early-and late-generated cells are slightly intermingled. Although this provides both early-and late-generated mitral cells with an opportunity to process odor information from dorsal and ventral zone olfactory sensory neurons, the ratios are profoundly different. Thus, the distinct locations of mitral cells with different birthdates may contribute to functional specificity of the different zones of the odorant receptor map 10 .
We have also shown that the olfactory tubercle receives more axons from E12-generated mitral cells than from those generated at E10 or E11. In rabbits, approximately one-fourth of the mitral cells in the ventral olfactory bulb send their axons to the olfactory tubercle 42 . Our data suggest that the axonal projection of mitral cells to the olfactory tubercle is partly determined by their birthdates. A similar correlation has been observed during the genesis of tufted cells, which are born later than mitral cells 26 and project predominately to the olfactory tubercle 21, 43, 44 . Moreover, we propose that mitral cells generated at different time points send their axons to spatially distinct regions in the olfactory cortex. As early-and late-generated mitral cells send their axons through different sub-laminae in the lateral olfactory tract 32 , mitral cell axons that target different regions of the olfactory cortices may begin to segregate in the lateral olfactory tract. Together with studies of molecular mechanisms that regulate the organization of the lateral olfactory tract and axonal topography in olfactory cortices [45] [46] [47] , studies that focus on the birthdates of mitral or tufted cells might uncover rules that link the olfactory bulb and the olfactory cortices.
In summary, our results show that both the locations of mitral cell somata in the MCL and the extent of their axonal projections in the olfactory cortices are in part a function of their date of birth. Considering that the spatial distribution of mitral cells with different birthdates correlates systematically with the dorsal and ventral zones of the odorant receptor map, it is likely that processing of distinct odors in the olfactory cortices depends on the information flow from the dorsal and ventral zones of the odorant receptor map. Thus, our data suggest a developmental mechanism that may be used by the olfactory bulb projection neurons to organize the transmission of information from the odorant receptor map to the olfactory cortices. The physiological significance of an odorant receptor map for information processing in the olfactory cortices is still largely unknown. Also, our data show that although there is a significant difference in cortical projection based on date of birth, it is not exclusive pattern of projections; there is evidence for some intermingling of early-and late-generated mitral cells. Nevertheless, our data show that there is a developmental gradient in mitral cell location and connections, characteristics that will be useful as we continue to unravel the rules that regulate odor processing.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/. 
ONLINE METHODS
Animals.
All the experiments were performed in mice. Unless noted, we used the CD-1 mouse strain (Charles River Laboratories) as the wild type. DCX-GFP mice (GENSAT BAC transgenic, strain name STOCK Tg(Dcx-EGFP)1Gsat/Mmmh) were a gift from A. Bordey (Yale University). The day on which we found a copulation plug was called E0, and the succeeding days of gestation were numbered in order. Intraperitoneal injections of thymidine analogs (BrdU, CldU, IdU or EdU) into pregnant dams (50 mg kg −1 ) were performed once between 10 am and noon. Prenatal embryos were harvested and fixed in 4% paraformaldehyde (PFA, wt/vol) overnight after thymidine analog-injected dams were killed by CO 2 inhalation. P0 and P5 pups were killed by CO 2 inhalation and the brains were fixed in 4% PFA overnight. P20 mice were anesthetized with pentobarbital and perfused transcardially with phosphate-buffered saline (PBS) with 1 unit per ml heparin, followed by 4% PFA. The brain was removed from the skull and postfixed in the same fixative for 2 h. All animal care and use was approved by the Yale University Animal Care and Use Committee. diI staining. To label mitral cells in the fixed olfactory bulb, glass micropipettes filled with 6% DiI (1, 1′-dioctadecyl-3, 3, 3′3′-tetramethylindocarbocyanine perchlorate, wt/vol; Sigma) dissolved in dimethylformamide were inserted into the lateral olfactory tract of E15 or the olfactory tubercle of P5 brains to leave small amount of DiI solution (<500 nl) in the tissue. Then, the brains were incubated in PBS at 37 °C until use. The olfactory bulbs were cut on a vibratome (50-100 µm) and cells labeled with DiI were visualized by fluorescence microscopy.
Immunohistochemistry. For cryosectioned slices, the fixed brains were cryopreserved in 30% sucrose (wt/vol) in 0.1 M phosphate buffer (pH 7.4), and embedded in optimal cutting temperature compound (Sakura Finetek). The olfactory tissues were cut on a cryostat into 20-µm slices and stored at −20 °C until use. The slices were first rinsed with TBS-T (10 mM Tris-HCl (pH 7.4), 100 mM NaCl with 0.3% Triton-X100 (vol/vol)), blocked with blocking buffer (3% bovine serum albumin (BSA, wt/vol) and 5% normal donkey serum (vol/vol) in TBS-T) at 20-25 °C for 1 h and incubated with primary antibodies diluted in blocking buffer overnight at 20-25 °C or 4 °C. Sections were washed with TBS-T, then incubated with secondary antibodies with 4′6-diamino-2-phenylindole dihydrochrolide (DAPI; Invitrogen) or DRAQ5 (Biostatus Ltd.) for nucleus staining for 1 h. The immunoreacted sections were washed and mounted with Gel/Mount mounting medium (Biomeda).
For vibratome-sectioned slices, the fixed brains were cut with a vibratome into 50-µm slices and stored in PBS at 4 °C until use. PBS-T was used instead of TBS-T and sections were incubated in blocking buffer and secondary antibodies for 2 h. For DiI-stained slices identical steps were performed without Triton-X100.
To detect BrdU, CldU or IdU (Sigma), the slices were pre-treated for 30 min in 0.025 M HCl at 65 °C for cryosectioned slices or 2 M HCl at 37 °C for vibratomesectioned slices, and rinsed with 0.1 M borate buffer (pH 8.5) 48 before the steps described above. EdU (Invitrogen) was detected as described 37 . Briefly, the olfactory bulb slices were stained by incubating for 30 min with 100 mM Tris-HCl (pH 8.5), 1 mM CuSO4, 100 mM ascorbic acid and 10 mg ml −1 Alexa Fluor 488 azide (Invitrogen).
For primary antibodies, we used rat antibody to BrdU/CldU (1:100; Accurate Chemical & Scientific Corporation), mouse antibody to BrdU/IdU (1:200; BD Biosciences), rabbit antibody to OCAM (1:2,000; provided by K. Mori, University of Tokyo), rabbit antibody to cleaved caspase3 (1:100; Cell Signaling Technology), rabbit and guinea pig antibody to Tbx21 (1:20,000; provided by Y. Yoshihara, RIKEN), rabbit antibody to Tbr1 (1:10,000; Millipore), and mouse RC2 (1:5; Developmental Studies Hybridoma Bank). Goat or donkey anti-species IgG conjugated with Alexa 488, Alexa 555, Alexa 674 (Invitrogen), Cy2, Cy3 or Cy5 (Jackson Immunochemicals) were used as secondary antibodies. tUnel assay. The cryosectioned slices were used for the TUNEL assay. The NeuroTACS II kit (Trevigen Inc.) was used according to the manufacturer's directions, except it was developed with streptavidin-Alexa 488 rather than HRP and DAB, and the tissue was counterstained with DRAQ5. electron microscopy. The mouse embryos were fixed with 4% PFA and 0.2% glutaraldehyde (vol/vol) overnight. Brains were rinsed in PBS overnight and cut on a vibratome (50 µm). The sections were blocked in 3% BSA and 5% normal donkey serum at 20-25 °C for 2 h and incubated with primary antibody for two nights at 4 °C. Biotinylated secondary antibody was followed by the ABC reagent (Vector) and a DAB peroxidase reaction. Tissue was then counterstained with osmium tetroxide and embedded for thin sectioning in acrylite. Sections of 100 nm were examined on a JEOL transmission electron microscope (JEOL USA) and photographed at 4,000-15,000× primary magnification. multiphoton live imaging. Imaging was performed on a LSM510 META (Carl Zeiss) coupled to a Chameleon-Ultra laser (Coherent) tuned to 900 nm to excite EGFP. Slices of E14 or E15 olfactory bulbs were moved to a RC40 recording chamber (Warner Instruments), maintained at 37 °C and constantly perfused with slice culture medium as described 49 . Z-stacks were collected every 10 min and analysis was carried out using Zen 2009 (Carl Zeiss).
Image acquisition and statistical analysis. To count the thymidine analog-labeled mitral cells in P0 and P20 olfactory bulb slices, images of five coronal slices taken every 400 µm from anterior to posterior (Supplementary Fig. 1a ) were acquired using a fluorescent microscope (BX51, Olympus Corporation) with 20× objectives. Levels were adjusted in Photoshop software (Adobe), but the images were otherwise unaltered. The numbers of thymidine analog-labeled cells and mitral cells in the MCL were manually counted and percentages of mitral cells labeled with thymidine analog were calculated. Images acquired with a laser scanning confocal microscope (Leica TCS SL) with 20× or 40× objectives were used to analyze the distribution of thymidine analog-labeled cells in the embryonic olfactory bulb. To compare the distributions of E12-generated cells between anterior and posterior olfactory bulbs at E13 and E14, two coronal sections 100 µm apart were obtained from a single olfactory bulb (Supplementary Fig. 5 ). The numbers of thymidine analog-labeled cells in each compartment of the olfactory bulb slices were manually counted and the percentages for radar charts were calculated by dividing numbers in each compartment by the total number in the slice. To analyze the distribution of DiI-labeled olfactory tubercle-projecting mitral cells in the olfactory bulb, images were acquired with a laser scanning confocal microscope with 20× objective. The numbers of mitral cells and DiI-labeled mitral cells in the MCL were manually counted and percentages of mitral cells labeled with DiI were calculated. The percentages of mitral cells labeled with EdU, injected at E10, E11 or E12, were manually calculated using confocal images taken with 40× objective. Statistical analyses except for circular statistics were performed using GraphPad Prism 4 software (GraphPad Software). Circular statistics were performed using Oriana software (Kovach Computing Services). 
